X-linked Charcot-Marie-Tooth disease (CMT1X) is an inherited peripheral neuropathy caused by mutations in GJB1, the human gene for Connexin32 (Cx32). This present study uses Ilumina Ref8-v2 BeadArray to examine the expression profiles of injured and uninjured sciatic nerves at 5, 7, and 14 days post-crush injury (dpi) from Wild Type (WT) and Cx32-knockout (Cx32KO) mice to identify the genes and signaling pathways that are dysregulated in the absence of Schwann cell Cx32. Given the assumption that loss of Schwann cell Cx32 disrupts the regeneration and maintenance of myelinated nerve leading to a demyelinating neuropathy in CMT1X, we initially hypothesized that nerve crush injury would result in significant increases in differential gene expression in Cx32KO mice relative to WT nerves. However, microarray analysis revealed a striking collapse in the number of differentially expressed genes at 5 and 7 dpi in Cx32KO nerves relative to WT, while uninjured and 14 dpi time points showed large numbers of differentially regulated genes. Further comparisons within each genotype showed limited changes in Cx32KO gene expression following crush injury when compared to uninjured Cx32KO nerves. By contrast, WT nerves exhibited robust changes in gene expression at 5 and 7 dpi with no significant differences in gene expression by 14 dpi relative to uninjured WT nerve samples. Taken together, these data suggest that the gene expression profile in uninjured Cx32KO sciatic nerve strongly resembles that of a WT nerve following injury and that loss of Schwann cell Cx32 leads to a basal state of gene expression similar to that of an injured WT nerve. These findings support a role for Cx32 in non-myelinating and regenerating populations of Schwann cells in normal axonal maintenance in re-myelination, and regeneration of peripheral nerve following injury. Disruption of Schwann cell-axonal communication in CMT1X may cause dysregulation of signaling pathways that are essential for the maintenance of intact myelinated peripheral nerves and to establish the necessary conditions for successful regeneration and remyelination following nerve injury.
Introduction
Connexins are a large family of homologous integral membrane proteins that form cell-cell channels or gap junctions as well as single-cell membrane hemichannels (Abrams and Rash, 2009; Kar et al., 2012) and provide a low resistance pathway for the diffusion of small molecules and ions between coupled cells (Kumar and Gilula, 1996) . Recent data also suggests that connexins help regulate cell growth and apoptotic or necrotic cell death, independent of the formation of functional gap junction channels (Lin et al., 2003; Omori et al., 2007; Vinken et al., 2011 ). X-linked Charcot-Marie-Tooth disease (CMT1X) is an inherited peripheral neuropathy associated with mutations in the human gene for Connexin32 (Cx32), GJB1. Cx32 gap junction proteins are found in the non-compact myelin of the paranodes and Schmidt-Lanterman incisures in myelinated peripheral nerve providing intracellular channels between adjacent myelin loops shortening the radial diffusion of small molecules between the Schwann Cell nucleus and adaxonal membrane at least 300 times (Abrams and Bennett, 2000; Balice-Gordon et al., 1998; Scherer et al., 1995) . Over 300 CMT1X mutations have been identified (http://www.molgen.ua.ac.be/cmtmutations/ Mutations/Mutations.cfm). Disruption of the myelin communication pathway by mutations in Cx32 has been proposed as a mechanism in CMT1X. Typical features of CMT1X include a delayed onset until the second decade, initial involvement of distal nerves, and axonal loss and moderate reductions in peripheral nerve conduction velocities (Ionasescu, 1995; Yiu et al., 2011) . Experimental Neurology 263 (2015) [339] [340] [341] [342] [343] [344] [345] [346] [347] [348] [349] Cx32 in non-myelinating Schwann cells and peripheral nerve regeneration Cx32 protein and mRNA are co-regulated with the expression of myelin-specific genes during development and during myelination as well as during regeneration and repair of injured peripheral nerves (Bondurand et al., 2001; Nagarajan et al., 2002) . Sohl et al. (1996) reported that following sciatic nerve injury (a period of increased SC proliferation), SC expression of Cx32 followed the same time course as several myelin genes; indicating that expression of Cx32 is related to regeneration associated re-myelination. Thus, mutations in or loss of Cx32 would be predicted to disrupt the repair and regeneration of injured peripheral nerve.
Xenograph transplant experiments in nude mice demonstrated that Schwann cells with a loss-of-function CMT1X mutation in Cx32 (Val181Ala) were severely impaired in their ability to support the earliest stages of regeneration of myelinated fibers (Abrams et al., 2003) , while Schwann cells expressing a less severe mutation (Glu102Gly) supported normal early regeneration (Sahenk and Chen, 1998) . The abnormalities associated with the Val181Ala mutation in these experiments occur at a time of Schwann cell proliferation and dedifferentiation, when no myelin is present, indicating an additional functional role for Cx32 in non-myelinating Schwann cells. Further evidence from our lab demonstrates that loss of Cx32 decreases proliferation in cultured Schwann cells from Cx32-knockout (Cx32KO) mice as compared to Wild Type (WT) (Freidin et al., 2009 ). These findings and others (Freidin et al., 2009; Mambetisaeva et al., 1999; Sohl et al., 1996) suggest that mutations in Cx32 might influence both nonmyelinating and myelinating SC functions.
Progress of peripheral neuropathy in Cx32KO mice
Cx32KO mice develop histopathologic signs of demyelinating neuropathy beginning at approximately three months that progresses with increasing age (Anzini et al., 1997; Scherer et al., 1998) . Myelinated motor fibers are more affected than myelinated sensory fibers at all ages. The Cx32 gene is located on the X-chromosome and, like other X-linked genes, is randomly inactivated. Heterozygous Cx32KO +/− female mice have a milder phenotype with fewer demyelinated and re-myelinated axons than age-matched homozygous Cx32KO−/− female and Cx32KO−/Y male mice reflecting the clinical patterns for human CMT1X. These findings indicate that loss of function of Cx32 Schwann cells is sufficient to cause an inherited demyelinating neuropathy and supports the hypothesis that Cx32 has an essential role in Schwann cells both in mice and in humans.
Gene profiling studies
Gene expression profiling facilitates the measurement of the relative regulation of thousands of genes in a single RNA sample. Using microarray analysis, Iacobas and colleagues compared Cx32KO and Cx43KO brains and found strong overlaps in sets of regulated genes, leading the authors to suggest that the brain transcriptome contains "connexin-dependent regulomes" (Iacobas et al., 2007) . Similar studies examining peripheral nerves of WT or connexin-null mice have not been published. Earlier microarray studies validated the use of mouse models of peripheral nerve injury and have identified several Schwann cell-specific and cell cycle genes involved in proliferation and differentiation during sciatic nerve regeneration (Kury et al., 2002; Ten Asbroek et al., 2006) .
The current study uses IIlumina MouseRef8-v2 BeadArray to compare the expression profiles in uninjured and injured sciatic nerves from age-matched Cx32KO and WT mice. The present studies used 5-week old mice to limit the potential effects of axonal pathologies that develop in Cx32KO mice beginning between two and three months of age (Sargiannidou et al., 2009; Scherer et al., 1998) . Given the apparent limited developmental effects in Cx32KO mice, we predicted significant changes in gene expression following peripheral nerve crush injury and during regeneration in Cx32KO mice as compared to WT. Microarray analysis, however, showed a biphasic response, with a dramatic decline in the number of differentially regulated genes (DEG) at 5 and 7 days post injury (5 and 7 dpi) and significant differences in DEG from uninjured Cx32KO mice as compared to WT. Further comparisons of uninjured and injured nerves within each genotype demonstrated that Cx32KO nerves underwent relatively few changes in gene expression in following crush injury as compared to uninjured Cx32KO nerves. As predicted, WT samples exhibited robust changes in gene expression. Taken together, these data suggest that the gene expression profile in uninjured Cx32KO sciatic nerve strongly resembles that of a WT nerve following a crush injury and that loss of Schwann cell Cx32 leads to a basal state of gene expression similar to that in injured WT nerve.
Methods

Animals and surgery
A colony of C57Bl/6 WT and Cx32KO mice was bred in-house. The Cx32KO mice were bred from founders that had been extensively backcrossed into C57Bl/6 (generously provided by S. Bennett, U. Ottawa, Canada). All animals were provided food and water ad libitum and housed according to the Guide for the Care and Use of Laboratory Animals.
For nerve crush studies, age-matched, 35-37 day-old WT and Cx32KO male mice were induced and anesthetized using isoflorane. With minimal perturbation of the overlying muscle and fascia, the sciatic nerve was exposed and crushed 5 mm distal to the sciatic notch for 30 s with ultrafine curved hemostats until translucent. The crush site was then marked with India ink and the skin closed with surgical staples. The mice were allowed to recover in their home cages. To minimize pain, all mice received ibuprofen (4.7 ml children's ibuprofen suspension in 500 ml water) for 12 h prior to surgery and for 36 h following surgery, as per IPUPAC guidelines. Cage mates that did not undergo surgery served as uninjured age-matched controls.
The mice were sacrificed at 5, 7, and 14 dpi for tissue collection. A 5 mm segment was collected distal to the crush site and stored in RNALater (Ambion) at −80°C, as per manufacturer's suggestions. For uninjured nerve samples, a 5 mm segment was collected distal to the sciatic notch and processed as for crush samples. Nerve samples from four mice were pooled for each time point in an experimental series. Each experimental time series was repeated six times, for a total of six biological replicates.
RNA purification and labeling
RNA was extracted and purified from pooled nerve samples using RNAeasy Lipid Mini kit (Qiagen, Country), as per manufacturer's instructions. Purified RNA (500 ng) was amplified and labeled using the Illumina TotalPrep RNA Amplification Kit (Ambion/Life Technologies). Biotin-labeled cRNA was stored at −80°C until needed.
Microarray hybridization, quality control, and normalization
Labeled cRNA was outsourced to the Keck Microarray Section of Yale Center for Genome Analysis (Yale University, New Haven, CT) for microarray processing, hybridization, and background normalization using IIlumina MouseRef8-v2 BeadArray BeadChip technology (Illumina, Inc. San Diego, CA). cRNA quality was confirmed prior to hybridization by the Keck microarray facility. Following hybridization and labeling, the arrays were scanned and the output normalized in BeadStudio (Illumina) for quality control, background, and data export.
Each BeadArray chip contained eight cRNA samples permitting hybridization of single biological replicate for the full time series: uninjured nerve and nerve at 5, 7 and 14 dpi for Cx32KO and WT samples. Six Illumina MouseRef-8 v2.0 BeadChips were used for the gene expression analysis, corresponding to six replicate time series and six biological replicates for each time point.
Experiments were designed, performed, and analyzed based on MAIME (Minimum Information About a Microarray Experiment) guidelines (Brazma, 2009) .
Microarray analysis and statistical tests
Log 2 -transformed data from all BeadChip experiments were imported from BeadStudio (Illumina, Inc. San Diego, CA) into Partek Genomic Suite (Partek Inc., St Louis, MO) for statistical analysis. Following removal of batch effects, mixed-model ANOVA was used to identify differentially expressed genes. Comparisons between Cx32KO and WT at each time point were used to generate lists of DEG based on relative expression levels (fold-change) greater than 1.5 and false discovery rate (FDR) corrected p-values (B-H p-Value) derived from the Benjamini-Hochberg step-up procedure (Benjamini and Hochberg, 1995) to account for multiple testing. FDR-corrected gene lists were also determined for each genotype with respect to time based on comparisons of uninjured versus 5, 7, or 14 dpi.
Functional and pathway analyses of gene lists at each time were conducted using Ingenuity Pathway Analysis (IPA, QIAGEN Redwood City, CA, www.qiagen.com/ingenuity), GOMiner (Zeeberg et al., 2003 (Zeeberg et al., , 2005 , Mouse Genome Database (Blake et al., 2014) , and Mouse Genome Informatics (MGI) Batch Query (URL: http://www.informatics. jax.org) online analysis tools. Gene ontology (GO) annotations and GOSlim datasets were obtained or investigator-defined using EMBL QuickGO (URL: http://www.ebi.ac.uk/QuickGO/) and MGI Batch Query tools.
Real time PCR validation
RNA was extracted and purified from pooled nerve samples as described. RNA samples were subjected to DNAse treatment (Turbo DNA-free Kit, Ambion) to remove chromosomal DNA contamination and quantitated by absorbance at OD260. cDNA from total RNA (5 μg) was synthesized using the Superscript VILO cDNA synthesis kit (Life Technologies), according to manufacturer's suggestions. Qualitative Real Time PCR was performed using 15 μl reactions containing 75 ng sciatic nerve cDNA and SsoFast Sybr Green Supermix (Bio-rad) on a Chro-mo4 DNA Engine system with Opticon3 Monitor software (Bio-Rad). Validated primer pairs for TATA binding protein, Actin-b, GAPDH, S100b, and, c-fos were obtained from SABiosciences (Qiagen). Sequences for validated primers for CANX, CYC1, and p75 NGFR were obtained through PrimerBank (Spandidos et al., 2010) . The sequences for these primers were as follows: CANX-For ATGGAAGGGAAGTGGTTACT GT; CANX-Rev GCTTTGTAGGTGACCTTTGGAG; CYC1-For CAGCTTCCAT TGCGGACAC; CYC1-Rev GGCACTCACGGCAGAATGAA; p75 NGFR -For CAATGTCCACCAGGAAAACGA; p75NGFR-Rev GGAAGTTAGGGGCAAG TCG. Data were preprocessed and analyzed for relative expression levels using GenEx5.4 (MultiD Analyses, Germany). Samples with CTN33 were considered above the limit of detection. Stable housekeeping reference genes were determined for sciatic nerve samples using geNorm and NormFinder programs embedded in GenEx5.4 prior to performing gene expression studies (Vandesompele et al., 2002; Mestdagh et al., 2009) . Real time PCR experiments were conducted using MIQE guidelines and suggested checklists (Bustin et al., 2009 (Bustin et al., , 2010 .
Results
Differential gene regulation between WT and Cx32KO at each time point
To address the role of Cx32 in the maintenance and regeneration of peripheral nerve, this study compared gene expression profiles of sciatic nerves from uninjured WT and Cx32KO mice and injured nerve samples at 5, 7, and 14 after crush. Pooled sciatic nerve samples from agematched uninjured and injured WT and Cx32KO mice were taken from sites distal to the crush and processed for microarray using Illumina MouseRef8-v2 BeadArray.
ANOVA was conducted on the complete data set using Partek Genomics Suite (Partek, Inc, St. Louis MO). Post-test comparisons with Benjamini-Hochberg (Benjamini and Hochberg, 1995; Hochberg and Benjamini, 1990 ) multiple test correction and false discovery rate (FDR) (Noble, 2009 ) created lists of significantly regulated genes in Cx32KO as compared to WT for each experimental group. In the uninjured nerve samples, 640 differentially expressed genes (DEG) were identified in the uninjured Cx32KO relative to WT, with down-regulation of 316 and up-regulation of 324 genes (Fig. 1, Table 1 ). Relative expression levels of several differentially regulated Schwann cell genes (c-Fos, p75 NGFR , and S100b) were validated by real time PCR ( Supplementary Fig. 1 ) using RNA collected from uninjured WT and Cx32KO sciatic nerves.
The number of DEG decreased dramatically at early times after injury with differential expression in Cx32KO nerves of only 24 and 20 genes at 5 dpi and 7 dpi, respectively. At 14 dpi, the differences in the number of altered genes re-emerged, rising to 891 DEG in Cx32KO nerve relative to WT. Thus, initial responses to nerve injury are similar in WT and Cx32KO, but significant differences in gene expression appear in uninjured and regenerating (14dpi) Cx32KO nerves relative to WT.
Uninjured and 14dpi Cx32KO nerves shared 311 DEG relative to WT, representing 48.6% and 34.9% of regulated genes for each time point, respectively ( Fig. 2) . Further comparison at the other time points showed five genes in common at 5 dpi and 7 dpi, comprising 20.8% and 23.8% of DEG at each time point. These findings indicate that the greatest differential gene regulation occurs in uninjured and regenerating (14 dpi) Cx32KO nerves.
Differential gene regulation over time for each genotype
To evaluate differences in gene regulation between uninjured and injured nerves for each genotype, DEG for WT and Cx32KO were assessed with respect to time following crush injury. Comparisons within each genotype group were made to determine differential gene expression in uninjured mice against that of mice at 5, 7, and 14 dpi. Fig. 1 . Gene expression profile of Cx32KO nerve samples crush injury relative to WT. The number of differentially regulated genes in Cx32KO nerves relative to WT is dramatically reduced at 5 and 7 dpi. Ratio of all corrected Log2 transformed raw gene expression values for Cx32KO versus WT nerves at 5, 7, and 14 days post injury (dpi).
As summarized in Table 2 , dramatic differences in gene regulation were observed following crush injury in WT nerves relative to uninjured WT nerves. 1399 and 1392 WT genes changed at 5 dpi and 7 dpi, respectively, compared to uninjured WT. Strikingly, by 14 dpi, no significant differences were detected in WT nerves compared to uninjured. Crush injury followed a different pattern in Cx32KO nerves with comparatively few DEG in Cx32KO nerves at 5 dpi and 7 dpi (221 and 21 genes) compared to uninjured Cx32KO. Unlike WT, 14 dpi Cx32KO samples showed a significant regulation of 159 genes nerves versus uninjured.
Comparison of differentially regulated genes in uninjured Cx32KO nerves and genes regulated in WT nerves following injury
To test the observation that uninjured Cx32KO gene expression follows a pattern similar to injured WT, the number of regulated genes in uninjured Cx32KO relative to uninjured WT (see Table 1 ) were compared with WT DEG (relative to uninjured WT; see Table 2 ) at 5 and 7 dpi ( Fig. 3) . 520 and 1162 genes, or approximately 83% of DEG, are shared between injured WT nerves at 5 and 7 dpi (versus uninjured WT) and uninjured Cx32KO (versus uninjured WT) ( Fig. 3A) . Similar comparisons of DEG within each genotype reveal a high degree of overlap in the WT gene lists at 5 and 7 dpi (relative to uninjured WT) ( Fig. 2B) , with 1160 shared genes or 88.9% and 83.5% of 5 and 7 dpi WT DEG in common. Fig. 2C compares gene lists in injured Cx32KO nerves relative to uninjured with 21 shared genes shared between at 5 and 7 dpi; representing only 10% (21/221 DEG) of genes in the Cx32KO 5 dpi group and the entire 7 dpi gene list. These observations are particularly striking given the large number of regulated WT genes relative to uninjured WT at these early time points (1307 and 1392, respectively; Table 2 ) and the relatively small number of DEG in Cx32KO mice (compared to uninjured Cx32KO) at 5 and 7 dpi (221 and 21, respectively; Table 2 ). Thus, the gene expression profile in uninjured Cx32KO peripheral nerve shows limited changes following injury and closely shares the expression profile of injured WT nerves.
Gene ontology (GO) functional analysis of gene expression profiles in uninjured and injured Cx32KO mice compared to WT Gene ontology (GO) enrichment analysis assigns biological and functional groupings to lists of differentially expressed genes based on commercially and publically assembled GO databases. Numerous software tools are available for GO analysis and provide detailed statistical results to illustrate the biological significance of regulated genes.
Lists of differentially regulated genes from each Cx32KO versus WT time point were probed for GO term enrichment using the GOminer Table 1 Differentially expressed genes in uninjured and injured Cx32KO nerves at 5, 7, and 14 dpi relative to WT. Following removal of batch effects, mixed-model Analysis of Variation (ANOVA) was used to identify differentially expressed genes (DEG) from Log2 transformed raw data. Gene lists were also determined for each genotype with respect to time based on comparisons of uninjured versus 5, 7, or 14 dpi. (Uninj: FDR p b 0.05; 5 dpi FDR p b 0.1; 7 dpi FDR p b 0.2; 14 dpi p b 0.05).
Days post injury (dpi)
Total (Zeeberg et al., 2005) software tool assigning biological and functional GO terms for each gene list. This analysis yielded significant enrichment scores for over 900 GO functional groups which, in turn, encompassed a large number of overlapping genes, GO terms, and GO identifiers, making meaningful interpretation difficult without further refinement.
Given the inherent redundancy of GO databases, the creation of consolidated lists of GO terms (GOSlims) that are based on existing relationships between terms in the ontologies provide a corrected summary of the larger GO annotation sets. GOSlims, whether curated or user-defined, facilitate a more circumscribed classification and Fig. 3 . Comparison of shared genes in uninjured Cx32KO nerves and injured WT. DEG for uninjured Cx32KO (relative to uninjured WT) were compared to the gene lists in WT nerves (relative to uninjured WT) at 5 and 7 dpi demonstrate a high degree of overlap between injured WT nerves and uninjured Cx32KO nerves (A); with greater than 75% of DEG shared between uninjured Cx32KO and injured WT at 7 dpi versus uninjured WT. Comparison of DEG from WT at 5 and 7 dpi relative to uninjured WT (B) and Cx32KO at 5 and 7 dpi relative to uninjured Cx32KO (C) shows a high degree of overlap in WT nerves. Fig. 4 . Schwann/myelin GOSlim functional analysis of Cx32KO vs WT for uninjured and injured groups at 5, 7, and 14 days post-injury. Gene lists for each experimental time group were analyzed for enrichment of Schwann/Myelin GOSlim functional categories using the GOMiner online tool. Enrichment scores for each GOSlim term were calculated using Fisher's exact test, with corrections. By convention, a functional category is considered over-expressed or enriched with enrichment scores N1. Enrichment scores N3 correspond to significant overexpression (p b 0.05).
visualization of regulated functional groups for a particular data set. Custom Myelin/Schwann GOSlim and Immune/Stress Response GOSlim term lists were generated based on GO annotations associated with myelination, regeneration, peripheral nerve injury, and Schwann cell behavior for the Myelin/Schwann GOSlim and enriched immune response GO annotations for the Immune/Stress Response GOSlim using the QuickGO term tool (European Bioinformatics Institute). Employing GOMiner, these custom GOSlims were subsequently used to reprobe each list of significantly regulated genes in uninjured, 5, 7, and 14 dpi Cx32KO samples relative to WT. The analysis generated enrichment scores for the GOSlim terms. By convention, a GO term is considered "enriched" with a score greater than one and "significantly enriched" with a score greater than three.
Functional analysis of myelin and Schwann cell GO terms
Highly significant Myelin/Schwann GOSlim enrichment scores were obtained for compact myelin, myelin sheath, myelin assembly, and myelination GOSlim terms at 5 dpi and, to a lesser value, at 14 dpi (Fig. 4A ). The 7 dpi gene list returned a significant GO enrichment score of 150 for the compact myelin term, as well. Schwann cell differentiation and Schwann cell development GOSlim terms generated enrichment scores greater than 3 for the 14 dpi gene list (Fig. 4B ). Further classification showed that only the uninjured Cx32KO (relative to uninjured WT) gene list achieved enrichment scores greater than one; specifically for genes associated with the myelin maintenance, negative regulation of myelination, and myelination GOSlim terms. Myelin/ Schwann GOSlim terms for NGF binding, myelination of peripheral nerve, peripheral nerve development, and constituent myelin sheath were enriched (score N 1) at 14 dpi. Taken together, the Myelin/ Schwann GOSlim functional analysis suggests that loss of Cx32 results in a dysregulation of genes associated with the temporal response to peripheral nerve injury as well as genes involved in functional pathways involved with regeneration.
Functional analysis of immune response GO terms
To examine the regulation of GO functional categories with respect to immune response, the gene lists for uninjured and injured Cx32KO nerve samples (relative to WT) were reprobed with the Immune/Stress Response GOSlim. The majority of enrichment scores greater than one were obtained for uninjured and 14 dpi genes lists, including regulation of response to biotic stimulus, response to stress, defense response, and inflammatory response (Fig. 5 ). Analysis of the 5 dpi gene list did show GO enrichment for the regulation of immune system process and immune response GOSlim terms; reflecting a further shift in functional gene regulation of Cx32KO nerves toward biological response terms associated with injured nerve relative to WT.
Expression of genes associated with functional pathways
GO annotations are the gene products associated with a GO term and are generated by a combination of electronic/bioinformatic strategies and manual curation. Using QuickGo and MGI batch inquiry tools, GO gene annotations associated with the Schwann/Myelin GOSlim and Immune Response GOSlims were created and compared to the lists of differentially regulated genes for the Cx32KO versus WT uninjured and 5, 7, and 14 dpi groups.
Gene expression profiles within the Schwann/Myelin GOSlim
The Schwann/Myelin GOSlim terms comprised 157 genes, after compensating for overlaps across GO annotations. Of these common Schwann/Myelin GOSlim genes, 25 genes were significantly regulated in Cx32KO nerves relative to WT for at least one time point (Fig. 6 ). Four genes, p75 NGFR , Pou3f1, Cxcr4, and Ednrb, were significantly upregulated in both uninjured and regenerating 14 dpi Cx32KO nerves relative to WT (Fig. 6B) . The majority of Schwann/Myelin GOSlim DEG (15/25 genes) showed significant regulation in only 14 dpi Cx32KO nerves relative to WT; with decreased expression in twelve genes and increases in three genes (Figs. 6A and B) . The myelin genes Mag and P0 were significantly reduced in Cx32KO relative to WT after crush injury, with down-regulation of P0 at 7dpi and Mag at both 5 and 7 dpi. Only Myo5a, a motor protein gene associated with RNA transport in Schwann cells (Canclini et al., 2014) , was increased in uninjured Cx32KO compared to WT nerves.
To begin to examine the potential interconnectivity of regulated Schwann/Myelin GOSlim genes, an interaction network of Schwann/ Myelin GOSlim DEG was generated using the Ingenuity Pathway Analysis (IPA) tool ( Supplementary Fig. 2 ). This user-curated network illustrates the potential relationships between differentially regulated genes associated with Schwann cell differentiation, myelination, and regeneration and the impact and the effects due to loss of Schwann cell Cx32.
Gene expression profiles within the Immune GOSlim
The Immune GOSlim is associated with 5413 gene annotations. After compensating for overlaps, the Immune GOSlim gene list was reduced to 191 unique genes. Differences in genes associated with immune response did not significantly differ between Cx32KO and WT following crush injury at 5 and 7 dpi. However, 75.4% (144/191 genes) of the Immune GOSlim gene list were differentially regulated in Cx32KO as compared to WT in uninjured and 14 dpi nerves. Thus, early responses to injury do not differ between WT and Cx32KO but the gene expression pathways associated with immune responses are altered in uninjured and regenerating (14 dpi) Cx32KO nerves relative to WT nerves.
Given the complexity and interrelationships of the genes associated with immune and stress response signaling pathways, Ingenuity Pathway Analysis (IPA) was conducted comparing Cx32KO and WT gene lists for each time point. Consistent with Immune GOSlim gene annotation analysis, IPA identified significant regulation of the chemokine/cytokine immune response signaling pathway in uninjured and 14 dpi Cx32KO nerve samples (relative to WT). Chemokines belong to a family of inflammatory cytokines that regulate a host of inflammatory and immune biological processes involved with cellular activation, differentiation, and survival (Comerford and McColl, 2011; Pineau and Lacroix, 2009 ). Responses to peripheral nerve injury, including Wallerian degeneration and nerve regeneration, involve coordinated activation of chemokine and cytokine pathways (Dubovy et al., 2013; Patodia and Raivich, 2012) .
To begin the analysis, a consensus chemokine/cytokine gene list was generated by cross-referencing genes associated with chemokine and cytokine signaling as identified by IPA, KEGG (Kanehisa et al., 2012) and InnateDB tools (Breuer et al., 2013; Lynn et al., 2008) . This final consensus list of 343 chemokine/cytokine genes was then compared to the lists of DEG identified from the Immune GOSlim gene list. The resulting cross comparison found 23 regulated genes in common (Fig. 7) . Nine of these cytokine/chemokine genes were regulated in both uninjured and 14 dpi Cx32KO samples relative to WT (Fig. 7A.) , while nine were regulated in only uninjured Cx32KO and three in 14 dpi Cx32KO nerves as compared to WT (Figs. 7A and B ).
An interaction network composed of differentially expressed cytokine and chemokine genes from the uninjured and 14dpi data sets was generated using IPA ( Supplementary Fig. 3) , illustrating the interconnections associated with genes involved in inflammatory and immune response pathways in Cx32KO peripheral nerves relative to WT.
Regulation of p75 NGFR and Jun signaling pathways p75 NGFR , a member of the TNFR-superfamily of cytokine receptors, is expressed in non-myelinating and immature Schwann cells and is highly regulated during development, myelination, and in regenerating peripheral nerve (Tomita et al., 2007; Zhou and Li, 2007) . p75 NGFR serves as a marker for non-myelinating Schwann cells in mature nerve and de-differentiated Schwann cells following nerve injury and is significantly upregulated in uninjured and regenerating 14 dpi Cx32KO nerves compared to WT.
The transcription factor c-Jun is a master regulator of the Schwann cell injury response (Arthur-Farraj et al., 2012; Fontana et al., 2012) , providing the switches necessary for the de-differentiation and differentiation of the Schwann cell program following nerve crush or axotomy (Arthur-Farraj et al., 2012; Fontana et al., 2012) . Examination of c-Jun expression in WT nerves shows increased levels at 5 dpi relative to uninjured WT, in agreement with earlier reports showing induction of c-Jun in Schwann cells following crush injury (Shy et al., 1996; Soares et al., 2001; Stewart, 1995) . By contrast, differential regulation of c-Jun was not observed in Cx32KO nerves at any time following injury relative to uninjured Cx32KO nerves. Direct comparison of WT and Cx32KO at each time point following injury revealed upregulation of c-Jun in regenerating Cx32KO nerves at 14 dpi relative to WT.
To explore the intersection of c-Jun signaling pathways with the regulation of p75 NGFR , a c-Jun GOSlim was generated using QuickGo, KEGG, and MGI batch inquiry tools. A consensus gene list was subsequently created using the c-Jun GOSlim gene annotations. The c-Jun GOSlim contained 11 distinct GO categories and 3844 gene annotations. Following removal of duplicates, a consensus c-Jun GOSlim gene list was created. Of the 413 unique c-Jun GOSlim genes, 23 and 18 genes overlapped with the Schwann/Myelin and Immune GOSlim gene annotations, respectively. Comparison of the three gene lists found only p75 NGFR in common.
Analysis of the c-Jun GOSlim gene list identified 36 significantly regulated genes in uninjured and 14 dpi Cx32KO samples relative to WT (Fig. 8) . Cross comparison of regulated c-Jun GOSlim genes with Schwann/Myelin GOSlim genes revealed that only p75 NGFR and TGFβ1 were shared between the two gene lists; with differential regulation of p75 NGFR in both uninjured and 14 dpi and TGFβ1 in 14 dpi Cx32KO nerves relative to WT. Similar evaluation of regulated c-Jun GOSlim genes with Immune GOSlim gene lists revealed 11 common genes; again sharing p75 NGFR as a differentially regulated gene in uninjured and 14 dpi Cx32KO nerves. Finally, a network diagram of differentially expressed c-Jun GOSlim genes was generated using IPA ( Supplementary  Fig. 4) ; illustrating the connections between regulated genes in the c-Jun pathway and DEG associated with immune response, Schwann cell, and myelin genes in Cx32KO nerves relative to WT.
Discussion
This study examined the expression profiles of injured and uninjured sciatic nerves from WT and Cx32KO mice to identify the genes and functional or signaling pathways that are dysregulated in the absence of Schwann cell Cx32. Based on the assumption that loss of Schwann cell Cx32 disrupts the regeneration and maintenance of myelinated nerve leading to a demyelinating neuropathy in CMT1X, we initially hypothesized that nerve crush injury would result in significant increases in differential gene expression in Cx32KO mice relative Fig. 7 . DEG associated with cytokine/chemokine signaling pathways in uninjured and 14 dpi Cx32KO nerves vs WT. A consensus gene list for the chemokine and cytokine signaling pathway was generated and cross-referenced to the Immune/Stress Response GOSlim gene creating a consensus cytokine/chemokine gene list for analysis. This gene list was used to probe DEG from uninjured and injured Cx32KO nerves relative to WT. A: Down-regulated genes. B: Up-regulated genes.
to WT. However, microarray analysis revealed that the uninjured and regenerating 14dpi groups showed the most DEG with 640 and 891 genes, respectively for uninjured and 14 dpi Cx32KO versus WT and a striking collapse in the number of DEG at 5 and 7 dpi in Cx32KO nerves relative to WT. A comparison of uninjured nerves to injured nerves at 5, 7, and 14 dpi within each genotype showed limited changes in Cx32KO gene expression at all three time points; while expression profiles in WT exhibited robust changes at 5 and 7 dpi and no significant differences at 14 dpi. These findings suggest that the gene expression profiles of uninjured and regenerating 14 dpi nerves lacking functional Schwann cell Cx32 most closely resemble that of injured WT nerves at 5 and 7 dpi; providing a revised perspective for understanding the cellular mechanisms in CMT1X.
Disruption of peripheral nerve myelin does not occur in Cx32KO mice until three months of age Vavlitou et al., 2010) . At two months, prior to the appearance of active demyelination, axonal degeneration becomes evident in uninjured peripheral nerves of Cx32KO mice with increases in β-amyloid precursor protein, increases in neurofilament packing, and reduced diameters of large myelinated fibers (Vavlitou et al., 2010) . The present study specifically used 5-week old mice to limit the potential effects of axonal pathologies that appear in Cx32KO mice at two months of age. The significant differences in the gene expression profiles of uninjured Cx32KO mice relative to WT further suggest that loss of Cx32 disturbs normal Schwann cell signaling pathways at developmental time points preceding signs of axonopathy.
Peripheral nerve injury results in axonal degeneration and loss of axonal contact, a process during which Schwann cells of the distal stump de-differentiate to an immature phenotype Yang et al., 2012) ; with down-regulation of pro-myelinating genes and increases in immature or non-myelinating Schwann cell genes (Allodi et al., 2012) . Peak up-regulation of the immature Schwann cell markers, such as p75 NGFR , typically occurs between five and eight days following injury in C57Bl/6 mice, concurrent with down-regulation of Cx32, P0 (MPZ), MBP, and other major myelin genes (Barrette et al., 2010; Bolin and Shooter, 1993) . Genes associated with immature or dedifferentiated Schwann cells decline to uninjured levels between days 14 and 28 post-injury (Hall et al., 1997) as Schwann cells redifferentiate to mature myelinating and non-myelinating phenotypes upon contact with regenerating axons (Hall et al., 1997; Jessen and Mirsky, 2008) . As predicted, WT nerves responded with a significant regulation of large numbers of genes following crush injury, with 1399 and 1392 genes at 5 and 7 dpi, respectively and no significant differences in gene expression at 14 dpi compared to uninjured WT nerve; consistent with a return to uninjured expression levels in successfully regenerating nerves. By contrast, Cx32KO nerves showed limited changes in gene expression following injury as compared to uninjured Cx32KO nerves, with significant regulation of only 221 and 21 genes at 5 and 7 dpi and significant regulation of 159 genes at 14 dpi. The initial and reparative responses to nerve injury require controlled modulation of the timing, degree, and specificity of gene expression for successful nerve regeneration to occur. Loss of functional Schwann cell Cx32 appears to disrupt these processes, contributing to a dysregulation of regenerative signals in Cx32KO nerves.
Isoforms of axonal-and Schwann cell-derived Nrg1 have been implicated in the regulation of peripheral nerve demyelination and regeneration following injury (Chang et al., 2013; Fricker et al., 2011; Stassart et al., 2013. Significant changes in Nrg1 expression were not detected in Cx32KO nerves relative to WT at any time points examined. While regulation of Nrg1 receptors ErbB2 and ErbB3 is essential to peripheral nerve responses to injury (Mukhatyar et al., 2014; Nicolino et al., 2009) , the probes for ErbB2 and ErbB3 were not present on Illumina Mouse Ref8-v2 chips, precluding the ability to address regulation of ErbB2 and ErbB3 genes in these studies.
c-Jun is a master regulator of Schwann cell response to peripheral nerve injury (Arthur-Farraj et al., 2012; Pham et al., 2009) . It is rapidly upregulated following nerve injury in mice and rats in concurrence with Wallerian degeneration (Camara-Lemarroy et al., 2010; Parkinson et al., 2008) . Activation of c-Jun governs Schwann cell response to injury including myelin clearance, trophic factor expression, and regenerative potential in injured peripheral nerves . Accordingly, mice with a Schwann cell specific deletion of c-Jun display results in neuronal death, disruption of the Schwann repair cell, delayed myelin degeneration, impaired myelin clearing, and impaired regeneration following injury (Arthur-Farraj et al., 2012) Klein et al. examined c-Jun in three mouse models of CMT1 and found increased immunolabeling for c-Jun in myelinating Cx32KO Schwann cells in adult mice in a spatial association with demyelinating axons, suggesting that c-Jun might also be a marker for pre-demyelinating axonal processes in disease models of peripheral nerves (Klein et al., 2014) . We found an increased expression of c-Jun in Cx32KO nerves relative to WT at 14 dpi, a period of axonal regeneration and re-myelination, but did not detect significant changes in Cx32KO nerves relative to WT at other time points. Failure to detect differences in c-Jun expression may reflect the relatively young ages used these studies, which precedes the age at which c-Jun might be activated due to demyelination and other axonal changes that appear in older Cx32KO peripheral nerves (Sargiannidou et al., 2009; Scherer et al., 1998) .
Nerve injury is associated with the de-differentiation and reprogramming of Schwann cells to a repair cell phenotype; with corresponding increases in c-Jun and declines in Egr2, a pro-myelinating transcription regulator Pham et al., 2009) . Subsequent transient upregulation of Pou3f1 (Oct-6/SCIP) triggers a sustained re-induction of Egr2 phenotype which, in turn, triggers Schwann cell re-differentiation. Induction of myelin-specific genes ensues with successful re-differentiation toward a mature myelinating phenotype (Mandemakers et al., 2000; Svaren and Meijer, 2008) . Increases in c-Jun and Pou3f1 along with decreased Egr2 were observed in 14dpi Cx32KO nerves relative to WT; further supporting a dysregulation of the Schwann cell program in the absence of functional Cx32. However, no significant changes in c-Jun were observed within genotype in Cx32KO nerves relative to uninjured at any time point, suggesting either a baseline shift toward less mature or injured Cx32KO Schwann cell phenotypes or an inability to properly respond to the injury. Examination of WT responses to injury followed predicted patterns with, significant increases in c-Jun at 5dpi relative to uninjured WT. p75 NGFR is a marker for immature or non-myelinating Schwann cells and is co-localized with c-Jun following nerve injury (Fontana et al., 2012) . We found an increased expression of p75 NGFR in uninjured and 14dpi Cx32KO nerves relative to WT, further supporting the conclusion that Cx32KO Schwann cells display a basal immature or injured phenotype. These findings are consistent with recent reports showing increased immunolabeling for p75 NGFR in non-myelinating and supernumerary Schwann cells in three CMT1 mouse models (Guenard et al., 1996; Klein et al., 2014) . The effects of p75 NGFR on Schwann cells after injury are complex as p75 NGFR has roles in both Schwann cell apoptosis (Syroid et al., 2000) and myelination, depending on ligand presentation and intracellular binding partners (Cosgaya et al., 2002; Provenzano et al., 2008; Teng et al., 2005; Tep et al., 2012) . Signaling through p75 NGFR can lead to activation of c-Jun-dependent downstream signaling pathways to regulate Schwann cell survival and differentiation (Lindwall Blom et al., 2014; Shin et al., 2013; Yeiser et al., 2004) . Interestingly, c-Fos, which forms the AP1 transcription factor complex with c-Jun, was significantly upregulated in uninjured and 14dpi Cx32KO nerves, relative to WT. Divergent classes of differentially regulated genes in uninjured and injured Cx32KO nerves are associated with the p75 NGFR and c-Jun signaling pathways, as illustrated in IPA networks in Supplementary Figs. 2, 3 , and 4. That loss of Cx32 influences expression of these major markers of Schwann cell differentiation, suggests Cx32 plays an important role in modulating expression of mature Schwann cell phenotype.
Wallerian degeneration is an innate immune response to peripheral nerve injury in which rapid release of pro-inflammatory cytokines by Schwann cells induces macrophage recruitment and activation to the site of injury. Macrophage-mediated cytokine and chemokine production contributes further to the molecular and cellular events in injured peripheral nerves during the later phases of Wallerian degeneration (Cheepudomwit et al., 2008; Li et al., 2013) . Mice with the delayed Wallerian degeneration (WldS) mutation have a slower break down of distal axons for weeks after injury (Barrette et al., 2010) . Nerve injury triggers increased differential expression of genes associated with functional groups for axonal degeneration, inflammation, immune response, and growth factors/cytokines in WT as compared to WldS mice (Barrette et al., 2010) . Interestingly, many of these same immune response genes and biological processes were upregulated or enriched in uninjured and 14 dpi Cx32KO nerves (relative to WT), further supporting that loss of Cx32 promotes a shift toward a gene expression profile resembling an injured or de-differentiated repair of WT Schwann cell.
Mutations in GJB1 encoding Cx32 cause CMT1X. However, the cellular mechanisms underlying disruption of functional Cx32 and the demyelinating axonal pathology associated with CMT1X are not understood. More than 300 mutations in GJB1 have been identified, affecting all regions of the Cx32 protein. Loss-of-function GJB1/CMT1X mutations abolish Cx32 protein expression or limit production of functional Cx32 channels (Braathen, 2012; Ionasescu et al., 1996; Scherer et al., 1999) and appear to cause a similar degree of neuropathy. Moreover, studies examining GJB1/CMTX mutants that are associated with less severe disease pathology support partial loss-of-function with alterations in protein trafficking and biophysical changes in Cx32 channel properties (Scherer and Kleopa, 2012) . These findings address the effects of GJB1/ CMT1X mutations on Cx32 gap junction activity in mature myelinating Schwann cells, but fail to fully account for disruption of Cx32 function in non-myelinating, regenerating or immature Schwann cells.
Axonal pathology secondary to demyelination is a feature of CMT1X. As demonstrated in transplant models in which human nerve segments are transplanted into sciatic nerves of nude mice, mouse axons regenerate into the transplanted segments and are re-myelinated by the human Schwann cells from the graft. Nerve grafts from patients with CMT1X mutations displayed decreased axonal diameter and delayed regeneration as compared to axons that regenerate into grafts of normal human nerve (Abrams et al., 2003; Sahenk and Chen, 1998) . Mouse models of CMT1X provide additional evidence of axonal pathology in CMT1X. Recent studies re-examining Cx32KO mice identified axonal pathology prior to demyelination, including a reduction in the diameter of myelinated axons and other cytoskeletal changes associated with slowed axonal transport and axonopathy (Vavlitou et al., 2010) . Disturbance of Schwann cell-axonal signaling and support of axonal function would provide a means for myelination-independent axonal pathology observed in CMT1X.
Loss of functional Schwann cell Cx32 in uninjured and 14 dpi peripheral nerves leads to a gene expression profile similar to that of an injured WT nerve, with upregulation of genes associated with immature and injured Schwann cell phenotypes. Non-myelinating and regenerating populations of Schwann cells require Cx32 for normal axonal maintenance and the re-myelination, and regeneration of peripheral nerve following injury. Dysregulation of Schwann cell-axonal communication in Cx32KO mice contributes to the disruption of the immune response and differentiation pathways that are essential for successful nerve regeneration following injury and for the maintenance of normal intact peripheral nerves.
Supplementary data to this article can be found online at http://dx. doi.org/10.1016/j.expneurol.2014.10.014.
